The influence of bacterial growth stage on cell deposition kinetics has been examined using a mutant of Escherichia coli K12. Two experimental techniquessa packed-bed column and a radial stagnation point flow (RSPF) systemswere employed to determine bacterial deposition rates onto quartz surfaces over a wide range of solution ionic strengths. Stationary-phase cells were found to be more adhesive than mid-exponential phase cells in both experimental systems. The divergence in deposition behavior was notably more pronounced in the RSPF than in the packed-bed system. For instance, in the RSPF system, the deposition rate of the stationary-phase cells at 0.03 M ionic strength was 14 times greater than that of the mid-exponential cells. The divergence in the packed-bed system was most significant at 0.01 M, where the deposition rate for the stationary-phase cells was nearly 4 times greater than for the mid-exponential cells. To explain the observed adhesion behavior, the stationary and mid-exponential bacterial cells were characterized for their size, surface charge density, electrophoretic mobility, viability, and hydrophobicity. On the basis of this analysis, it is suggested that the stationary cells have a more heterogeneous distribution of charged functional groups on the bacterial surface than the mid-exponential cells, which results in higher deposition kinetics. Furthermore, because the RSPF system enumerates only bacterial cells retained in primary minima, whereas the packed column captures mostly cells deposited in secondary minima, the difference in the stationary and mid-exponential cell deposition kinetics is much more pronounced in the RSPF system.
Introduction
Understanding the factors influencing bacterial deposition and transport is important for a number of environmental processes, such as in situ bioremediation (1) and filtration of microorganisms in porous media (2) . By studying microbial adhesion mechanisms, we also gain insight into processes such as the initiation of infection (3) (4) (5) , biofilm formation (6, 7) , and the colonization of plant roots (8, 9) . The physical and chemical factors governing bacterial adhesion in aquatic systemsssuch as cell type (10, 11) , hydrophobic interactions (11) (12) (13) , motility (14, 15) , surface charge characteristics (13, 16) , and surface macromolecules (lipopolysaccharides, fimbriae) (17) (18) (19) (20) shave been studied extensively. However, the mechanisms governing the adhesion of bacterial cells onto mineral surfaces are not yet fully understood, in large part because of wide variation in the choice of experimental protocols and techniques.
Previously, bacterial deposition under flow conditions has been studied in several systems, including packed columns (17, (21) (22) (23) , parallel-plate flow chambers (24) (25) (26) , and radial stagnation point flow cells (23, 27, 28) . The hydrodynamic conditions and type of interaction mechanisms captured in each apparatus differ (23, 27) , such that results between systems are not necessarily comparable. Another source of variability in these adhesion studies has been the growth phase of cells utilized (9, 24, 28) . Often overlooked is the fact bacteria are living organisms that exhibit metabolic and physiological changes (29) , likely affecting their adhesive properties (24, 30) .
It has been established that the predominant functional groups exposed on the outer membrane of E. coli are amino and carboxyl groups on membrane proteins and phosphate and carboxyl groups on both lipopolysaccharide (LPS) and extracellular polymeric substances (EPS)-associated carbohydrates (31) (32) (33) . The extent of protein coverage (29, 34) , EPS coverage (35) , and LPS conformation (29, 32) evolve as a function of growth phase and, thus, likely contribute to the chemical heterogeneity of the bacterial surface. Theoretical and experimental studies have demonstrated that the presence of surface charge heterogeneity can decrease electrostatic repulsion at the local scale and increase the rate of irreversible particle attachment (36) (37) (38) (39) (40) (41) . Therefore, how increasing culture age influences the extent of cell surface charge heterogeneity and subsequently the deposition kinetics must be addressed.
The objective of this paper is to examine the influence of growth phase on the initial stage of bacterial deposition under well-controlled solution chemistry and hydrodynamic conditions. Deposition experiments were conducted using cells harvested at mid-exponential and stationary growth phase. Two experimental techniquessa packed-bed column and a radial stagnation point flow (RSPF) systemswere used because they enable the evaluation of differing combinations of deposition mechanisms. Cell characterization techniques were further employed to delineate the extent to which growth phase alters cell surface heterogeneity and how this ultimately affects deposition kinetics in the packed-bed column and RSPF systems.
Materials and Methods
Bacterial Cell Preparation and Growth. Escherichia coli K12 D21, used in this study, was obtained from the E. coli Genetic Stock Center at Yale University. The E. coli D21 mutant was selected because the LPS and outer membrane have previously been characterized (28, 31, 42) . It has been reported as nonmotile (43) , lacking the O-antigen (28), and producing little or no EPS (44) . To visualize the cells in the adhesion studies, a plasmid coding for an enhanced green fluorescing protein and gentamicin resistance (45) was introduced to the native D21 cell by electroporation (46) . The resulting transformed D21 cell line is referred to as D21g.
Cells were grown in Luria-Bertani broth (LB Broth, Fisher Scientific, Fair Lawn, NJ) supplemented with 0.03 mg/L gentamicin (Sigma, St. Louis, MO) at 37°C until reaching the desired growth stage (3 and 18 h corresponding to midexponential and stationary phases), at which time they were harvested for use. The cells were pelleted by centrifugation (Sorvall RC26 Plus Centrifuge) for 15 min at 3823g via a SS34 rotor (Kendro Laboratory Products, Newtown, CT). The growth medium was decanted, and the pellet was resuspended in a KCl electrolyte solution (0.01 M). The cells were pelleted and rinsed with fresh electrolyte solution in this manner two additional times to remove traces of the growth medium (23, 47) .
Bacterial Characterization. The electrophoretic mobility of the bacterial cells was determined by diluting the rinsed cell pellet in a KCl electrolyte solution at a final concentration of 10 5 -10 6 cells/mL. Electrolyte solutions were prepared with deionized water (Barnstead Thermolyne Corporation, Dubuque, IA) and reagent-grade KCl (Fisher Scientific) at ambient pH (5.6-5.8). Electrophoretic mobility measurements were conducted at 25°C using a ZetaPALS analyzer (Brookhaven Instruments Corporation, Holtsville, NY) and were repeated a minimum of three times at each ionic strength using freshly rinsed cells. Electrophoretic mobilities were converted to -potentials using the tabulated numerical calculations of Ottewill and Shaw, which account for retardation and relaxation effects (48) .
An inverted fluorescent microscope (Axiovert 200m, Zeiss, Thornwood, NY) operating in phase contrast mode was used to take images of D21g cells harvested after 3 and 18 h of growth after resuspension in an electrolyte solution (ca. 10 7 cells/mL in 0.01 M KCl). The images were imported into an image processing program (ImageJ, NIH) and analyzed using the built-in particle analysis routines. From the measured cell lengths and widths, the average equivalent spherical radii of the D21g cells were determined.
Viability tests were performed using the Live/Dead BacLight kit (L-7012, Molecular Probes, Eugene, OR). An inverted fluorescent microscope (Zeiss, Thornwood, NY), operating in fluorescent mode, allowed for the enumeration of viable D21g cells under the solution conditions of the adhesion experiments and cell characterization techniques.
The hydrophobicity of the mid-exponential and stationary-phase cells was measured using the microbial adhesion to hydrocarbons (MATH) test (47) with n-dodecane (laboratory grade, Fisher Scientific). Samples were prepared by transferring 4 mL of a cell solution (optical density of 0.20-0.25 in 0.01 M KCl at 546 nm) to a test tube containing 1 mL of dodecane. Test tubes were vortexed (Touch Mixer model 231, Fisher Scientific) for 2 min followed by a 15 min rest period to allow for phase separation. The optical density of the cells in the aqueous phase was measured at 546 nm (Hewlett-Packard model 8453) to determine the extent of bacterial cell partitioning between the dodecane and the electrolyte. Hydrophobicity is reported as the percent of total cells partitioned into the hydrocarbon (47) .
Potentiometric titration of mid-exponential and stationary-phase cells was conducted to determine the relative acidity of the bacterial surfaces using a microtitrator (794 Basic Titrino, Metroohm, Switzerland). Prior to titration, the solution pH was lowered to 4 by addition of HCl, and the solution was purged with N2 gas to remove any dissolved carbon dioxide present. Titrations were performed on solutions of bacteria suspended in 0.01 M KCl (concentration between 10 8 and 10 10 cells/mL). Acidity and the corresponding surface charge density were determined from the amount of NaOH consumed during a titration between pH 4 and pH 10 (49). The surface charge density, calculated from the acidity and accounting for the surface area of a cell, provides a measure of the total charged functional groups on the outer membrane surface.
Packed-Bed Column Deposition Experiments. Bacterial transport experiments were conducted in glass chromatography columns packed with clean quartz grains. Sieve analysis resulted in an average grain diameter (d50) of 205 µm and a coefficient of uniformity (d60/d10) of 1.26. The cleaning procedure and size analysis for the quartz sand have been reported previously (23, 28) . An adjustable bed height column (Omnifit USA, Toms River, NJ) with a 1-cm i.d. was packed to a porosity of 0.43, as determined gravimetrically. The ionic strength of the pore fluid ranged from 0.001 to 0.1 M KCl. All solutions had an ambient pH between 5.6 and 5.8 at room temperature (22-25°C). The approach (superficial) velocity during the column experiments was 0.021 cm/s. A more extensive description of methods employed for wet-packing, column equilibration, and transport experiments has been given in our recent studies (23, 28) .
To quantitatively compare the deposition (adhesion) kinetics of the E. coli cells harvested at mid-exponential and stationary growth phase, and at the different solution ionic strengths, the deposition rate coefficient (kd) was determined using (50) Here, C/C0 is the normalized breakthrough concentration relevant to "clean bed" conditions, U is the approach (superficial) fluid velocity, f is the packed-bed porosity, and L is the length of the packed-bed. The clean bed C/C0 was determined for each experiment by averaging the normalized breakthrough concentrations measured between 1.8 and 2 pore volumes.
For transport experiments under favorable (non-repulsive) electrostatic conditions, the quartz was silanized by suspension in a 1% solution of 3-aminopropyl-triethoxysilane (Sigma) for 5 min, followed by thorough rinsing in deionized water and curing at 80°C for 24 h (23, 28) . Under these conditions a favorable deposition rate (kd,fav) was determined.
Radial Stagnation Point Flow System. Bacterial deposition experiments were also conducted in a radial stagnation point flow (RSPF) system following the protocol developed in our earlier studies (23, 28) . A flow rate of 5 mL/min, corresponding to a particle Peclet number (51) of 2.4, was selected to be comparable to the particle Peclet number estimated for the packed column. Round quartz cover slips with a 25 mm diameter and 0.1 mm thickness (Electron Microscopy Sciences, Ft. Washington, PA) were cleaned and prepared for use in the RSPF flow cell as described elsewhere (23, 28) .
Bacterial deposition onto the quartz surface in the radial stagnation point flow system is presented as a transfer rate coefficient (kRSPF). It is related to the bacterial deposition flux (number of cells per area per time; J) and the bulk bacterial concentration (C0) via
The cell deposition flux was determined by normalizing the initial slope of the number of deposited particles versus time curve by the microscope viewing area (210 µm × 165 µm).
For adhesion experiments under favorable (non-repulsive) electrostatic conditions, the slides were chemically modified with aminosilane. One side of the quartz cover slip was exposed to a 0.2% (vol/vol) mixture of (aminoethylaminomethyl)-phenethyltrimethoxysilane (Gelest, Inc. Tullytown, PA) in ethanol for 3-5 min at room temperature and then cured for 90 min at 130°C (23, 28) . The slide was then rinsed with
DI water and installed in the radial stagnation point flow cell. Under these conditions, a favorable transfer rate coefficient (kRSPF,fav) can be determined by the relationship expressed in eq 2. Note that although the aminosilane used to modify the quartz cover slip is different than that used for the quartz grains, both aminosilane molecules yield positively charged collector surfaces, resulting in favorable deposition conditions.
Results and Discussion
Bacterial Cell Characteristics. The measured electrophoretic mobilities and corresponding calculated -potentials ( Figure  1 ) indicate that the bacterial cells are negatively charged under all the conditions of the experiments. Under the solution conditions analyzed, the quartz surfaces are also negatively charged (23, 28) , implying repulsive electrostatic interactions will dominate between cells and quartz in either experimental system. A notable observation in Figure 1 is the indistinguishable -potentials for the mid-exponential and stationary-phase cells. Potentiometric titration was used to evaluate the density of charge on the cell surface. Results of the cell titrations are presented in Figure 2 . Acidity, or titrated charge, relates to the amount of base required to neutralize the cell surface dissociable groups at each pH increment between pH 4 and pH 10. The shapes of the titration curves for the 3 and 18 h cells are comparable, suggesting that the types of functional groups are unchanging with growth phase, even if the density of the charged groups is not. From the total amount of base consumed during titration, total acidity and the corresponding surface charge density were calculated. The total acidity values for mid-exponential and stationary-phase cells were 7.1 × 10 -5 and 8.4 × 10 -6 meq/10 8 cell, respectively. The corresponding surface charge densities were determined to be 796.8 µC/cm 2 Table 1 along with other parameters that will be discussed later.
Bacterial cell size was determined for cells harvested at mid-exponential and stationary growth phases. Using the experimentally measured lengths and widths of cellss3.7 and 1.2 µm for the 3 h cells and 3.6 and 1.3 µm for the 18 h cellssthe equivalent spherical radius was calculated. The equivalent radii for the 3 and 18 h cells were determined to be very similar at 0.87 and 0.93 µm, respectively, Further characterization of the cells using the Live/Dead BacLight kit found the extent of viable mid-exponential and stationary-phase cells in suspension was identical. Specifically, the viability in salt solutions ranging from 0.01 to 0.3 M KCl averaged 79% and 80% for the 3 and 18 h cell cultures, respectively.
The final characterization tool performed on the midexponential and stationary-phase cells was the measurement of hydrophobicity by the microbial adhesion to hydrocarbon (MATH) test. Hydrophobicity was found to change with growth phase (Table 1) , namely, 16% of the 3 h cells partitioned into dodecane, whereas 34% of the 18 h cells partitioned into the hydrocarbon.
Bacterial Deposition Kinetics in Packed-Bed. As can be seen in Figure 3 , cell deposition rates (k d) were governed by solution ionic strength. Deposition rates increased by more than 2 orders of magnitude over the range of salt concentrations examined for cells harvested at both mid-exponential and stationary phases. At intermediate ionic strengths, the indicates the relative hydrophobicity of the cell as the percent of cells partitioned in dodecane versus electrolyte (10 mM KCl). d Acidity determined from the amount of NaOH consumed during a titration between pH 4 and pH 10 for cells suspended in 10 mM KCl. e Surface charge density indicates the density of charged functional groups across the cell surface. Value determined from the experimentally measured acidity, accounting for the exposed surface area of the cells (calculated for a spherical cell) and Faraday's constant of 96 485 C/mol. 18 h cells were consistently more adhesive than their 3 h counterparts. The observed trends in the deposition rate within the packed-bed are consistent with the -potential behavior (Figure 1 ), reflecting the paramount role of electrostatic double layer repulsion in cell adhesion.
To gain further insight into the interaction forces governing D21g cell deposition, the classic Derjaguin-LandauVerwey-Overbeek (DLVO) theory (52) has been applied to calculate the total interaction energy as a function of separation distance between the bacterium and quartz surface (23) . In these calculations, the -potentials ( Figure  2 ) are used instead of surface potentials and a Hamaker constant of 6.5 × 10 -21 J is used for the bacterium-waterquartz system (23, 28) . Because the cell size and -potentials for the 3 and 18 h cells are nearly identical, the DLVO calculations predict similar interaction energy profiles for both stationary and mid-exponential cells. Surprisingly, however, deposition rates of 3 and 18 h cells are quite different at intermediate ionic strengths (Figure 3) , suggesting an underlying difference between cells with culture age. The possible differences between the mid-exponential and stationary-phase cells contributing to the adhesion behavior will be discussed further in a following section.
Bacterial Deposition Kinetics in the RSPF System. The deposition kinetics of the 3 and 18 h cells as a function of ionic strength are presented in Figure 4 . Stationary-phase cells were substantially more adhesive than mid-exponential phase cells across the entire range of solution ionic strengths examined. Cell deposition was governed by ionic strength, with higher ionic strengths resulting in greater kRSPF values. Other than this general trend, the deposition behavior for 3 and 18 h cells differed significantly in the RSPF system. Specifically, the kRSPF for 18 h cells reaches a plateau between 0.1 and 0.3 M KCl, whereas 3 h cells had not yet reached a plateau at the highest ionic strength condition tested. However, at 0.3 M the bacterial transfer rates are the same for both 3 and 18 h cells. This indicates entrance into the mass-transfer-limited regime, where a further increase in ionic strength will not affect the deposition rate. Another variation in the deposition behavior occurred at 0.03 M, below which deposition of 3 h cells was statistically insignificant, even when the bulk cell concentration was increased to 10 8 cell/mL. This further supports our conclusion regarding the much lower adhesive characteristic of the mid-exponential phase cells as compared to the stationary-phase cells.
Possible Causes for the Difference in Adhesion between
Mid-exponential and Stationary-Phase Cells. Bacterial deposition is controlled by two major factors: the transport to a collector surface and the subsequent interactions between bacterial cell and collector surface that arise on close approach. The size of the cell and the hydrodynamics of the system control transport of the bacteria, while the attachment is determined by the near-surface interactions, such as DLVO-type forces. The bulk parameters that affect transport and DLVO interactions are nearly identical for cells harvested at different growth phases, yet deposition kinetics are markedly different. Not only is the deposition rate of 18 h cells higher than the 3 h cells, but also the deposition kinetics are strikingly different in the packed-bed and RSPF systems. These observations suggest an underlying distinction between cells of different culture age that can be attributed to subtle, local-scale cell characteristics often overlooked in transport studies. Such characteristics that may explain the adhesive nature of the D21g cells include electrokinetic properties, cell viability, cell size, EPS production, surface charge, and cell hydrophobicity. Each will be discussed in the following subsections.
(a) Electrokinetic Properties. The -potential values were determined to be virtually identical for the mid-exponential and stationary-phase cells (Figure 1) . Thus, the deposition behavior in Figures 3 and 4 cannot be explained by conventional electrostatic interactions alone. The -potential is a measure of the electrical potential existing at the electrokinetic shear plane. The shear plane is located in close proximity to the outermembrane surface, although its exact location cannot be predicted for "soft" bacterial cells due to the presence of surface macromolecules (26) . The -potential is a macroscopic parameter that reflects the net or average electrokinetic properties of the cell and is not sensitive to small local-scale variations on the cell surface. Therefore, this parameter does not capture the subtle differences in charge heterogeneity on the surface and LPS of midexponential and stationary-phase cells. As we discuss later, local surface charge heterogeneities on bacterial cells can have a marked effect on cell adhesion.
(b) Cell Viability. An equal percentage of cells were viable when harvested at mid-exponential and stationary phases, as indicated in Table 1 . If the cell viability varied with culture age, the observed adhesive behavior could be attributed to the fraction of viable cells in solution; however, this is not the case. Therefore, this parameter does not explain the differences in the observed deposition kinetics. (c) Cell Size. It was observed that stationary-phase cells were slightly shorter and wider with a measured length and width at 3.6 and 1.3 µm, respectively. The mid-exponential phase cells had a length of 3.7 µm and a width of 1.2 µm. These data agree with the previously reported observation that E. coli becomes somewhat smaller and less rod-shaped in stationary phase (53) . This subtle difference in size may influence transport of the bacteria to the quartz surface. To establish whether the minor difference in cell size with growth phase alters the cell transfer rate, experiments were carried out under favorable (non-repulsive) conditions in the RSPF system with positively charged, aminosilane-modified quartz slides. The subsequent interaction between oppositely charged surfaces allows for the determination of kRSPF under mass-transport-limited conditions (referred to as kRSPF,fav). As reported in Table 1 , this favorable deposition scenario produced virtually identical bacterial transfer rates (kRSPF,fav) of 2.5 × 10 -7 and 2.6 × 10 -7 m/s for 3 and 18 h cells, respectively. These results confirmed that the difference between 3 and 18 h cell deposition behavior is not size related.
(d) EPS Production. Bacterial adhesion and the strengthening of attachment has been attributed to the presence of EPS (9, 54) . EPS has also been credited with contributing to the overall heterogeneous nature of bacterial surfaces (54) (55) (56) . The E. coli D21 mutant selected for this study has been reported as producing a negligible amount of EPS (44); therefore, we do not attribute the deposition trends or the heterogeneous nature of the cells to EPS.
(e) Surface Charge. Potentiometric titration allows for evaluation of the extent of charged functional groups on the cell surface. Mid-exponential phase cell surfaces have a greater number of dissociable groups and a higher charge density than the stationary-phase cells, as indicated by the higher value of surface charge and acidity (Table 1) . These results are attributed in part to the presence of outer membrane proteins, which are more abundant on the surface of mid-exponential phase cells (29) ; however, some acidity is credited to the presence of dissociable groups exposed on the LPS. The density and distribution of charge existing on the bacteria influence the degree of electrostatic repulsion occurring between the cell and collector surface, which, in turn, impacts the rate of irreversible attachment in the primary minimum. The experiments with mid-exponential phase cells, having higher surface charge density, resulted in lower bacterial transfer rate coefficients ( Figure 4 ) and deposition rates (Figure 3 ) than the stationary-phase cells, presumably due to greater electrostatic repulsion. This phenomenon will be discussed in greater detail in the final section of the paper.
(f) Cell Hydrophobicity. Relative cell hydrophobicity can provide insights into the evolving types of chemical species on bacterial surfaces. A greater amount of polar and acidic molecules exposed on the surface of the cells would result in a lower percentage of cells partitioning into the hydrocarbon. The MATH test data ( Table 1 ) may suggest that outer membrane proteins of E. coli are mostly hydrophilic (acidic) and decrease in number with culture age (29, 33) , yielding a corresponding increase in hydrophobicity. Further evidence of the sensitivity of bacterial hydrophobicity to the protein presence can be found in the literature (24, 57, 58) . As we discuss below, the larger number of exposed polar molecules, due to the greater abundance of proteins present on midexponential phase cells, contribute to a more uniform distribution of chemical functional groups and charge on the bacterial surface. The local distribution of polar functional groups, in turn, impacts the extent of electrostatic interactions and, subsequently, the kinetics of bacterial deposition on the collector surface.
Growth Phase Influences Cell Charge Heterogeneity and Deposition Kinetics. The variation in deposition kinetics for mid-exponential and stationary-phase cells is explained by considering the evolution in local-scale surface charge heterogeneity with culture age. At the pH of our experiments (5.6-5.8), the dominant ionic species exposed on the outer membrane of the E. coli D21g arise from negatively charged phosphate groups associated with the LPS (33, 59) and carboxyl groups associated with both proteins and polysaccharides (59) . The origin of the ionic species does not vary with growth phase, as confirmed by the similar shapes of the titration curves in Figure 2 . Therefore, the adhesive behavior of the cells is not attributed to the type of ionic species but to the distribution (or homogeneity) of functional groups exposed on cellular structures. Our characterization techniques support this assertion. Both the titration and MATH test results suggest that mid-exponential phase cells have a higher charge density and larger amount of polar molecules exposed, due to greater abundance of proteins on midexponential phase cells than on stationary-phase cells. Consequently, upon approach toward the collector surface, the mid-exponential phase cells will appear more uniformly charged. In contrast, stationary-phase cellsswith fewer exposed proteins and a greater number of phosphate groups on the LPS (29, 32) swill have a more heterogeneous distribution of charge, with most charged groups originating from the unevenly distributed LPS molecules (60) .
The presence of local surface charge heterogeneity on the cell surface is a significant factor controlling adhesion. Such heterogeneities result in reduction of the electrostatic energy barrier and subsequent deposition of some cells in the primary minimum, despite DLVO predictions that suggest insurmountable barrier for deposition when considering macroscopic cell properties, such as -potential (36, 61) . Given that the RSPF system only enumerates cells that are irreversibly deposited in a primary energy minimum, the impact of local charge heterogeneity is quite substantial for this system (28) . For the packed-bed system, deposition in secondary minima is the dominating mechanism (23), which is affected to a lesser extent by the degree of charge heterogeneity. This is attributed to secondary energy minima existing at greater separation distances than the primary minimason the order of a few tens of nanometers from the collector surfaceswhere the influence of local charge heterogeneity on the electrostatic double later interaction is much less pronounced (61). Our experimental results support these proposed mechanisms as the deposition kinetics of the more heterogeneous stationary-phase cells was 10-fold greater than mid-exponential phase cells in the RSPF system, yet only differed up to a factor of 4 in the packed-bed system. Additionally, at higher ionic strength conditions when no electrostatic energy barrier to deposition exists, the deposition rates of mid-exponential and stationary-phase cells were comparable.
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